Abstract A formula based on a first-order kinetic equation is derived to evaluate the rate constant of the B-Z transition of a synthetic double-stranded poly [d(G-m 5 C)] in terms of the salt concentration, the absolute temperature, and the cooperativity index. The validity of the formula was tested using circular dichroism spectroscopy after variation of the type of salt (NaCl, MgCl 2 ), the salt concentration, and the temperature of the polynucleotide solution. A consequence of the proposed function is that in conditions of high salt there is a predictable salt threshold which determines the particular molecular mechanism of the B-Z transition. The paper also describes the way in which this threshold level is temperature dependent. A detailed comparison of our data with the experimental data found by other authors is given. The function agrees quantitatively with the experiments and explains the contrasting results found in the literature about the influence in the B-Z transition of both the temperature and the polymer size.
Introduction
The transition from the right-handed canonical B-DNA conformation to the left-handed Z-DNA conformation was initially detected by means of circular dichroism (CD) spectroscopy of poly[d(G-C)] at high sodium ion concentration [1] and later confirmed by X-ray analysis of crystals grown from the oligonucleotide d(CpG) 3 at 5 M NaCl concentration [2] . Since then, the Z-DNA conformation has been studied under a variety of experimental conditions [3] . The CD spectra of poly[d(G-C)] obtained at different NaCl concentrations showed, in the transition region, clear isoelliptic points at 292 and 255 nm as an indication of a transition between two species. The CD spectra also showed a strong dependence of the ellipticity of the polymer on the NaCl concentration used [1] . The existence of drastic changes dependent on very small variations in external conditions are characteristic of cooperative transitions. The curves of these processes are smooth, symmetrical, and sigmoidal when the variable is plotted on a logarithmic scale and they may be described by the gaussian cumulative distribution or by the logistic model. The logistic model is based in a differential equation mathematically analogous to the Hill equation, a well-known tool used for the analysis of ligand binding and enzyme kinetics. The exponent in the logistic function has the same mathematical form as the Hill coefficient. In the proper application of the Hill equation, the amount of ligand refers to free ligand whereas in most applications of the logistic model, including this report, the amount of ligand indicates the total ligand concentration. The logistic function has the advantage of simplicity and has been widely used for radioimmunoassay [4, 5] , bioassay [6, 7] , and related techniques [8, 9] . In order to quantify the slope of the characteristic curve of the B-Z transition (the cooperativity index) that represents the evolution of the B-Z conformational change depending on the salt concentra-tion, a logistic function was proposed to describe the equilibrium between the two states [10] . This equation has been also used to determine the cooperativity index of double-stranded poly[d(G-m 5 C)] induced by Mg 2+ in the presence of adriamycin [11] .
More recently, the CD kinetics data obtained for the B-Z transition of the double-stranded synthetic polynucleotides poly[d(G-C)] and poly[d(G-m 5 C)] in the presence of mono-, di-, and trivalent cations at constant temperature were also fitted to a logistic function [12] :
where y is the spectroscopic response, x the concentration of added salt, y 0 the response when x = 0, y ? the response when x = ?, K s the concentration of x needed to reach the midpoint of the transition in the time unit, t is the time, and n the degree of cooperativity of the B-Z transition process, which determines the slope of the curve. However, in spite of the dense and well-established literature about the B-Z transition in terms of chemical equilibrium, the study of the kinetics of the process remains still obscure and contrasting results appear in the literature on this subject. Moreover, as far as we know, nobody has yet formulated a mathematical model that could explain the discrepancies found in the kinetics of the process. On these grounds, in the present paper we develop an empirical equation for the rate of the B-Z transition of double-stranded poly[d(G-m 5 C)] under various salt and temperature conditions. The equation reported shows that the rate of the B-Z transition process obeys the Arrhenius law and depends on (1) the salt concentration present in the polynucleotide solution, (2) the type of salt used as the Z-DNA inducer, (3) the temperature at which the process is carried out, and (4) the cooperativity index of the transition. One of the relevant points of the proposed function is that it predicts the existence of a threshold in conditions of high salt which determines the molecular mechanism whereby the polynucleotide undergoes the B-Z transition. The level of the salt threshold would vary in a linear way with the temperature of the polynucleotide solution. The consequences of the proposed equation regarding the molecular mechanism of the B-Z transition of (dGdC)(dG-dC) polynucleotides and the real molecular significance of the parameters obtained are also discussed. , and 55 C with a constant temperature circulating bath, and then a certain amount of NaCl (0.80 M) was added to the polynucleotide. The measurement of the initial CD spectrum of the B-form DNA towards the Z-form was done by recording the intensity of the CD signal at 290 nm at time intervals. The CD intensity data were used to calculate the rate constant at those temperatures and the activation energy, E a , was calculated from an Arrhenius plot.
Materials and methods

DNA
Statistical analysis
In order to determine whether for a polynucleotide sample of a given chain length the correlation coefficient (r) indicates a linear relationship, we tested the null hypothesis in which the sample is chosen from a population for which K s and T, K s and [NaCl], and K s and [MgCl 2 ] are not related. Therefore, we calculated the probability (p) that from such population a polynucleotide sample of a given size is taken for which the correlation coefficient equals or exceeds the absolute value of r calculated for the given sample. Here we use a two-tailed test. If p is less than 5% (or whatever other level of significance is chosen), we reject the hypothesis that the sample has been taken from a population in which there is not a linear relationship. The value of r then indicates that the values obtained for K s and T, K s and [NaCl], or K s and [MgCl 2 ] can be assumed to be linearly related.
Results
Relationship between the rate constant, k, the salt concentration, x, the temperature, T, and the cooperativity index, n, of the B-Z transition process ] is the initial B-form concentration, k is the rate constant of the transition, and t is the time. In this case, the B-Z transition may be followed by CD spectroscopy where the ellipticity (related to the amount of B-form) in a firstorder reaction can be written as:
where y is the spectroscopic response, y 0 the spectroscopic response when the polynucleotide is in the B-form, y ? the response when the polynucleotide is in the Z-form, k the rate constant of the transition, and t the time. In that equation, e ±kt can be written as a series expansion of terms:
When kt < 1, Eq. 3 can be written as:
Comparing this equation with Eq. 1 it was observed that both expressions (Eq. 1 and Eq. 4) are equal if the rate constant of the transition, k, is given by:
Thus, at any time and at a given temperature, Eq. 1 can be transformed into Eq. 2 so that the rate constant of the B-Z transition, k, is now related to the salt concentration present in the polynucleotide solution, x, the cooperativity index of the B-Z transition process, n, and the salt concentration necessary for the polynucleotide to reach the transition midpoint in the time unit, K s , as can be seen in Eq. 5. Having found this expression we then studied the relationship between K s and the temperature. . The curves show the best fit to the exponential functions used to determine the rate constant, k, for each temperature. The cooperativity index for the B-Z transition process of the polynucleotide under the experimental conditions described in the present paper was calculated as previously described [12] and had a value of n = 14.90.2. Figure 1B shows the K s values obtained from Eq. 5 (points), showing also the line of regression of K s on T for the temperature range considered (line) when NaCl is used as an inducer of the B-Z transition.
Then, the equation of the line for the best fit would take the form: K s = K so ±(DK s /DT)T, where T is the absolute temperature, K so = 5.00.3 M s 1/n is the K s intercept at T = 0 K, and ±(DK s /DT) = 11.610 ±3 + 0.110 ±3 (M s 1/n )/K is the slope of the line representing the contribution of the temperature to K s . The slope, ±(DK s /DT), is the salt concentration change per DT which has to be subtracted from K so to obtain K s . The coefficient of determination from the line of regression is 97.8% (p = 0.0014). This regression value is due to the linear relationship between the temperature and K s . Thus, these data indicate that there are two different contributions to the rate constant of the B-Z transition. One is due to the salt present in the solution and another one is due to the temperature at which the process is being carried out. The substitution of K s by K so ±(DK s /DT)T in Eq. 5 results in: 
This equation gives the rate law of the process, as can be seen in Fig. 2 (lines) . Figure 2 also shows the changes in the rate constant when varying the temperature between 35 and 55 C and the salt concentration of the solution is kept constant at 0.8 M NaCl (points in the Arrhenius plot, Fig. 2A ), or when the salt concentration of the polynucleotide solution varies in the range of 0.5±0.95 M NaCl (points in Fig. 2B-1) or 0.9±1.3 mM MgCl 2 (points in Fig. 2B-2 ) at a constant temperature of 37 C.
Dependence of the rate constant, k, on the salt concentration
The relationship between the rate of the B-Z transition, k, and the salt concentration of the solution, x, can be written as:
[see log-log plots in Fig. 2B-1 (for . The cooperativity index of the B-Z transition process is constant, having a value for NaCl and MgCl 2 salts of n = 13.6 0.7 and n = 14.50.3, respectively. The data are in good agreement with the previously reported cooperativity index of n = 14.90.2 [12] . It is clear from Eq. 7 that a plot of log k against log x will be linear with slope n. An immediate consequence of Eq. 7 is that if the salt concentration (x) in the solution is zero, the rate (k) of the B-Z transition is also zero, independent of both the temperature and the coopearativity index. The experimental data obtained agree with Eq. 7 in the range of salt concentration tested for both NaCl and MgCl 2 at a temperature of 37 C. Thus, Eq. 7 predicts that the B-Z transition would require the presence of salt and would not occur in its absence, regardless of the temperature.
Kinetic equation for the B-Z transition process of poly[d(G-m 5 C)]
The close relationship found between the rate constant, k, the temperature, T, the salt concentration of the polynucleotide solution, x, and the cooperativity index, n, allows us to propose the following equation where y is the spectroscopic response, y 0 is the response when the polynucleotide is in the B-form, y ? is the response when the polynucleotide is in the Z-form, x is the concentration of salt, a = (DK s /DT) and K so are constants characteristic of the salt used. Figure 3B (points) illustrates the kinetic behaviour of the B-Z transition as a function of the salt concentration at a constant temperature of 37 C. The dependence of the B-Z transition process on the salt concentration was tested by CD for NaCl and MgCl 2 salts. The NaCl concentration was in the range between 0.5 and 0.95 M (Fig. 3B-1 ) and the MgCl 2 concentration was in the range of 0.9±1.3 mM (Fig. 3B-2) . The lines represent the data obtained from Eq. 8 under the same conditions. Table 1 
Discussion
The results presented here generalize the equation presented in [12] to any time and temperature and make it congruent with a first-order kinetics equation (Eq. 8) which shows that the concentration of the B-form decays exponentially from an initial value to a zero value when the B-Z transition is triggered. In spite of the considerable number of studies on the mechanism of the B-Z transition, the understanding of the nature of the process still remains incomplete. Thus, in 1972 it was stated [1] C)] follows an inverse relationship (Eq. 6), in agreement with previous reported data for other polynucleotides [20] . Thus, Eq. 6 indicates that a high temperature would be needed to drive the B-Z transition at low ionic [21] , and that the temperature, by itself, is unable to drive the B-Z transition in the absence of salt. In this context, we believe that Eq. 6 could explain the apparently temperature-independent process of the B-Z transition [1] . According to Eq. 6 and under the conditions of ionic strength used in their experiments, a long period of time would have been needed to detect the transition.
From the data shown in Table 1 The nucleation was proposed [1] as the initial step of a B-Z transition with the formation of a small Z-form region within the B-form duplex. In the junction of the Z-and B-regions, the DNA helix geometry is distorted. The molecular model is consistent with the fact that the activation energy is independent of the chain length of the polymer [1, 23] . The fluctuations observed in the E a values suggest that each inducer of the transition contributes to the nucleation process in a different form.
It has been well documented in the literature that there exist two possible molecular mechanisms that can describe the B-Z process of polynucleotides that depend on the energy supplied to the polymer by different chemical elements and temperatures. One of the mechanisms is the classical one proposed in 1972 by Pohl and Jovin [1] . This molecular mechanism involves the breaking of the hydrogen bonds of one or more base pairs with two simplifying assumptions: (1) that the concentration of the intermediate states and their change with time are negligible and therefore that only molecules which are in the B-form or in the Z-form will exist in measurable concentration, and (2) that the nucleation step in a given oligomer takes place only at the ends. Experimental evidence has been reported for this model [22] . The other model is similar to the theories describing helix-coil transitions in proteins [27, 28] , which predicts a cooperative unit of the B-Z system and describes the distribution of Band Z-form tracts as a function of the polymer length. The model of Pohl and Jovin [1] predicts the existence of slower kinetics with increasing polymer length because of the serial nature of the propagation step following fast nucleation at the ends of helices. The second molecular model was applied by Walker and Aboul-ela [23] from study of the B-Z transition of C)] and predicts faster B to Z rates with increasing polymer lengths because of nucleation events occurring within a polymer tract. Experimental evidence has been also reported for this model.
A novel finding from the present paper is that the above-mentioned data are not in contradiction but complementary, since Eq. 6 establishes the existence of a threshold level in conditions of high salt which determines the molecular mechanism whereby the polynucleotide carries out the transition. This threshold level depends on the relation between the salt present in the polynucleotide solution, x, and the concentration of salt needed to reach the midpoint of the transition in the time unit, K s . Thus, we may consider two cases. In the first case, (x/K s )<1, Eq. 5 would predict slower kinetics with increasing polymer lengths in which the molecular model to undergo the transition by the polymer would be explained by a nucleation event dominated by end effects. In the second case, (x/K s )>1, Eq. 5 would predict faster B to Z rates with increasing polymer lengths. The faster B-Z transition of the polymer would be explained by a mechanism that is rate limited by nucleation within the polymer. Finally, if (x/K s ) = 1 there would be no changes in the rate when increasing the polymer length. This last result obtained from Eq. 5 allows us to redefine the parameter K s as the salt concentration present in the solution at which the rate of the B-Z transition remains unchanged when varying the polymer size and the other parameters are kept constant.
The data obtained from this report also indicate that K s depends on the temperature of the polynucleotide solution in a linear way, as shown in Eq. 6 and Fig. 1B . In fact, this linear dependence of K s on T (K s = K so ±aT) would explain previous observations indicating that the rate constant of the B-Z transition at a fixed polymer length increases with increasing temperature [23] . As can be seen, Eq. 6 shows that when x and n are kept constant and T increases, K s decreases and, therefore, the rate constant, k, increases.
In summary, several novel findings which in our understanding have not been reported before about the kinetics of the B-Z transition process of poly[d(Gm 5 C)] induced by salt at several temperatures are announced in this paper. These findings complement the existing knowledge in the field: 1. From Eq. 5 there can be deduced the existence of a threshold level in conditions of high salt which determines the particular molecular mechanism to undergo the B-Z transition. 2. Equation 6 shows the way in which the salt threshold depends on the temperature of the polynucleotide solution. 3. Equation 6 predicts that the temperature, by itself, is unable to induce the B-Z transition of the polymer in the absence of salt.
